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A procedure for rapid, quantita-
tive silylation of the hydrozyl func-
tion, developed by Makita and Wells
(9,24), has been applied to gas
chromatography of C; —C,, fatty
acids (27), Krebs cycle acids (4),
phenolic acids (1), amino acids (13,
21), bile acids (9, 18), carbohydrates
(24), phenols (8,10), and a wide
range of urinary and tissue metabo-
lites (2). Direct gas chromatography
of free fatty (11) or aromatic acids
(12, 26) required specially prepared
columns and were limited by high
boiling points of the acids, Although
use of methyl esters of fatty (16)
and aromatic acids (8) proved satis-
factory, mixtures composed of a
wide variety of fatty, polybasic and
aromatic acids could not be conveni-
ently and quantitatively esterified.
Furthermore, Simmonds, Pettitt and
Zlatkis were able to isolate isomer-
ized by-products following esterifica-
tion of Krebs cycle keto acids with
diazomethane (20).

In this study, a procedure for gas
chromatographic analysis of mix-
tures of aliphatic, aromatic, phenolic
and certain Krebs cycle acids was
developed. In particular, the method
was applied to the total analysis of
acids in tobacco and tobacco pyrol-
ysates. Barlier gas chromatographic
studies in this area dealt with anal-
ysis of free (7, 19, 22) and meth-
ylated acids (14, 23) from tobacco
and tobacco smoke. Other studies
utilized paper and column chroma-
tography (5, 6, 15). ‘

Since tobacco leaf composition
varies as a function of curing and
fermentation procedures as well as
the growth history of the plant
(6, 25), “fingerprint” chromatograms
of the total acid fraction would be
valuable for both analytical and
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Figure |. Typical gas chromatogram of TMS derivatives of a mixture: of known acids. Peak
identifications: | = formic, 2= acetic, 3 = isobutyric, 4 = butyric, 5 —isovaleric, 6 = valeric,
7 = ethylbutyric, 8 = B-methylvaleric, 9==caproic, 10 = heptanoic, |1 = malonic, 12=oc-

tanoic, I3 =succinic, 14 = fumaric,
acid. Elution temperatures are listed in Table 1.

comparative studies. Trimethylsilyla-
tion of the acid sample prior to gas
chromatography proved to be mest
suitable for the production of such

|5 = decanoic,

16 =malic, 17 = cinnamic, |8 = citric

“fingerprint” chromatograms. Versa-
tility, rapid formation and sharp,
symmetrical gas chromatographic
peaks are among the advantages of.



silylation. Although there are no
previous reports describing the use
of TMS esters of formic and acetic
acids in gas chromatographic anal-
ysis, these esters form readily and
produce sharp, well-resolved peaks
in such analyses. Thus, in the pro-
cedure described in the present re-
port, nearly all the significant -leaf
acids can be determined simultane-
ously with a minimum of experi-
mental error and excellent reproduci-
bility in elution temperatures.

Experimental
Apparatus. A Varian-Aerograph
Model 200 gas chromatograph!

equipped with. a’ dual thermal con-
ductivity detector and dual stainless
steel columns «(5-foot x 0.25-inch o.d.)
was used as the basic instrument.
Chromatographic separations were
achieved on columns filled with 20%
SE-30 on 60/80 Chromosorb-W with
helium as the carriér- gas at a flow
rate of 60" ml/min: ‘The detector
temperature ~was . maintained at
255° C and the injector temperature
at 235°. C:"During an analysis, column
temperature was generally pro-.
grammed from 70° (6° C/min). and
then mdintained at the upper tem-.
perature.;

Silylation ~ Procedure. Approxi-

mately 0.5 cc.Tri-Sil reagent (Pierce -

Chemical .Co.) was -added to 10 ‘mg
of dry, pufe-acid. or 80 mg of a dry
mixture of 5 to 15 acids. About 30
to 50 mg of the unknown leaf acids
were silylated in 0.3:0.4 cc- Tri-Sil
reagent. Sixty ul quantities were
usually injectéd into the gas chro-
matograph. Prior to .injection, the
reaction mixture -was vigorously
agitated, and Yeaction was generally
complete in five minutes.

Water Extraction of Tobacco Leaf

Acids (15). Finely groundr tobacco
leaf (50 g) was extracted with 600 cc
of distilled water - in a Waring’
blender. The ‘mixture was centri-
fuged, the supernatant liquid de-
canted and breught to pH 11°with
NaOH pellets. "After being washed
with ether, the aqueous layer was
brought to pH 2 with coned, HCL
and extracted with ether. The ethegy
layer was then dried over Na,SO,
and the ether removed in a rotary

-evaporator. The total weight of the -
acid residue was 1.2 g for flue-cured,

and 1.5 g for Turkish tobacco.

Ether Extraction
‘Finely ground Turkish tobacco léaf
(100 g) was extracted 24 hours with
2 liters ether in a Soxhlet éxtractor,
The ether solution was con8entrated

;. 1 Mention of trade or company mames is for
.identification only and does not imply endorsement
by the department.

of = Tobacco. -

Table 1. Gas chromatographic

" Acid

esters of known acids®

Retention time,
min. |

(isothermal at

elution data for trimethylsily

Elution
temp., °C®  Elution temp.,
175°-240°:  °CP.709-240°

175°C) - at 6°/min..  at 6°/min,

Formice ‘ 88°
~Acetice 96°

Isobutyric 112°
- Isovalericd and '

trans-crotonic 128°

Butyric 119°

Valeric 134°

Ethylbutyric 137°

B-Methylvaleric 142°

Caproicd . .

lactic (peak 1)e 2.1 149°

Oxalic 2:5 160°

Furoic 2.7

Heptanoic 165°
.Malonic 3.6, 172°

Octanoic 180°

Benzoic | 4.5

Suceinic®t

Phenylacetic l

Nicotinic | 5.5 205° 187°.

Isonicotinic S

Maleic

Fumaricd* _

Citraconic 6.4 194°

Nonanoie

Hydrocinnamic 216°

Lactic, (peak 2)e 7.8 200°

Decanoic 207°

Adipic 222°

Salicylic 227°.

Malic 12.2

Tartaric 222°

p-Hydroxybenzoic 239°

Lauric,%* cinnamicdf 230° 235°

Retention time at
upper temp. limit

. Jor different sets of runs.
¢ Acid must be dry befqré silylation.
4 Same retention time.

computed .by setting
‘togram. to 0.0 min. , -

(240°C)=

1.2-Benzene dicarboxylic 0.7 min.
.1,3-Benzene dicarboxylic 1.8 min. 0.5 min.
1'4-Benzene dicarboxylic,d*

azelaic 2.6 min. 1.4 min.
Diphenyl acetic 2.8 min.
Myristic 3.2 min. 2.4 min.
Citric 2.7 min.
Benzilic, 4:2
Palmitic 7.8 144

a Exzpem'mental Section: lists the chromatography conditions.

b Linear temperature ‘programming. at 6°/min. Elution temperature is reproducible to =-2°

¢ Lactic dcid (TMS) derivetive has two peaks.

.t When several qcid (TMS) esters ‘had the same’ retention-time, the peaks were collecied for
infrared spectral an_d thinslayer chromatographic analysis fo{ proper identification.

€ After temperature’ was . programmed o 240°, it was thefl held.at 240°. Rgt"entz’an time was
the time at the beginning of the isothermal. (240°C) portion of the chroma-

to 300 cc and then washed with 1%
NaOH (50 cc) three times. The
aqueous layer. was .washed three

times with ether, then brought to
pH 2 using coned. HCL. The acidic
aqueous layer -was extracted six



samples “of the ‘acid’ m1xture
nately, another solvent could be
in the silylation reaction. The
1,3-, -and 1,4-benzene = dicarbox
acid TMS' derivatives ‘were resol
into three distinct peaks on the
umn used. E R. Blakely (1) has
so-discussed the value of trimet
silyl esters for the separation
identification of many. closely related
phenolic acid isomers.:

When - several TMS" esters ‘had:
identical retention times, thm*‘lay v
‘chromatography and. infrare
tra of the collected: peaks were uti
lized - for posmve identificatio
infrared data -were-insufficie
characterization, the - parent acid?
could be analyzed further by other
techniques.

Despite the vigorous conditions re-
ported for silylation of phenol |
p-cresols (10), they appeared”
‘act rapidly with the Tri-Sil re
at reom temperature upon aglta io;

agreed with those reported by N el ‘n

30 35 '
TIHE. HIHU‘TES ‘ and Smith (10).

By programming the temperatu
: ~ of the columns from 70°.
Flgure 2. Typical gas chroma’rogram a’r TMS derivative of water extracted acids from flue-cured at 6°/m1n and then mamtalm

tobaceo. Peak identifications: ‘| = formic 8X, 2 = acetic 8X, 3 —|sobu’(yr|c 2X, 4= butyric °

2X, 5=isovaleric’ 2X, & = valeric: 4X, 7 = ethylbutyric 2X, 8 = caproic 4X, 9= oxalic’ IX. at 240° G, one can analyze Vlr
10 = heptanoic 1X, I = malonic X, 12 = octanoic IX, IB—fumerlc I1X; 14=tartaric IX, the complete range of C

15 = cinnamic IX, 16 = hnolelc IX, 17 = citric IX. Elution temperatures listed in Table I. (as their TMS esters) in mi

acids. If only nonvolatile dc

times with ether and the combined hydrolyze upon standing; spectra present in the mixture the sa
ether layers were dried. - The ether taken 24 hours after collection were ‘can be run from 175° to 24
was removed. Weight of the “acid identical with those of the free acids. 6°/min. and then maintail
resxdue, ~which  contained = large No absorption bands corresponding 240° C or isothermally at 17
quantities of ethanol ‘was 26 'g. to those reported for silyl esters or shown in Table 1. Alt sugh
Formic acid was the predomlnant ethers (10,17) were seen in the tion times varied durlngj
‘aecid. To faclhtate ‘analysis of the spectra. Facile hydrolysis of the tri- temperature programming
: nonvolatlle acids: present 8 cc of the methylsilyl esters makes poss1ble un- 240° at.6°/min) as- ev1den J
‘res1due ‘was - evaporated to 0.10 cc ambiguous . infrared spectra as well Figure 1, 2, 3 and 4, elution
’before silylation, as recovery of the parent acid «(17). peratures were reprodu(:l
“Analysis of Unknown Acwl Mizx- Table 1 summarizes elution data *2°C.in all cases. “Thus,
Atures In.all analyses, gas co-chroma- obtained from . mixtures of ' TMS prmt chromatograms” -of ,kh :
phy with mixtures of known derivatives of ‘known ‘acids. Lactic producrblllty could. be ‘obt tais ed
,-as well as peak collection and acid, interestingly enough, gives a No intensive quant1tat1v
equent 1nfrared spectral studies, characteristic doublet of peaks as a of mlxtures of . the trrm th;
was used to: conﬁrm identifications.  result of mono- -and disilylation e
(carboxyl “and hydroxyl groups)
This property has proven useful for
rapid “differentiation of Jactic acid
from caprcnc ‘acid whose TMS derlva-




(21) ‘as well ‘as good quantitative
correlatlons (21)

“ Application to Tobacco. Acids.
Acids from water extraction of flue-
“cured and Turkish tobacco leaf were
silylated and analyzed by gas
chromatography. Figures 2 and 3
_illustrate the type of “fingerprint”
chromatograms obtained. No quanti-
tative correlations were made be-
tween the different acids in as much
as the composition of the extracted
aeids appeared to be dependent on
the volumes of the aqueous layers

present in different stages of the ex-

traction procedure. Variations in
solubility and - accessibility of the
different leaf acids to water during
_the initial extraction, as well as the
‘partition coefficients between water
and ether of such acids and their
sodium salts were factors likely to
_influence final composition.
Turkish tobacco acids were alter-
nately obtained by continuous ether
extraction of the leaf for 24 hours.
Care was taken to keep volumes of
the aqueous layer to a minimum dur-
ing product isolation. To facilitate
analysis of the acid residue (13 g/
50 g tobacco), ethanol and formic
acid which were present in large
amounts, were removed before si-
lylation. Figure 4 represents a
<“fingerprint gas chromatogram” of
the ether extracted acids after 30-
fold concentration of the sample.

.- Table 2 summarizes the qualita-
tive results from gas chromatogra-
phic analysis of leaf acids. In all
cases, gas co-chromatography with
mixtures of knowns and infrared
spectra of the collected peaks were
utilized to confirm identifications.
The -tobacco leaf acids found were
in general agreement with earlier
‘reports. However, previously unre-
ported cinnamic acid was identified
in both flue-cured and Turkish to-
baccos.

Figures 2, 3 and 4 represent the
general appearance of the resulting
gas chromatograms, and illustrate in

some measure the versatility and.

completeness of this procedure for
comprehensive analysis of mixtures
of naturally-occuring acids. Also, the
procedure is valuable whenever ac-
-curate comparisons between systems
of acid mixtures are required. In
particular, we “can now simultane-
“ously analyze formiec, acetic and vola-

tile C,—C; acids along with a wide-
range of C,~C,, aliphatic and aro-

‘matic -acids. = Acetic, formic, and
volatile  C,—C; acids -have previ-
ouslv requlred more laborious and
~t1me consuming’ methods of analysis.
Moreover, errors that would be intro-

ids, Kre,s_: cycle acids, and
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Figure 3. Typical gas chromatogram of water extracted Turkish tobacco acids. Peak identifica-
tions: | = formic 8X, 2'= acetic 8X; 3——|sobu’rync 8X, 4 = butyric 8X, 5=1isovaleric 8X,
6= valeric 8X, 7 = 3-methylvaleric 32X, 8 = caproic 2X, 9 = oxalic 1X, 10 = heptanoic IX,
11 = malonic IX 12 = octanoic "IX; 13 = succinic 1X, 14 = fumaric IX, |5 =decanoic IX,
16 =malic IX, |17 =tartaric IX, 18 = cinnamic IX, 19 = citric 2X, 20= palmitic IX,. Elution
temperatures listed in Table 1.
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_the separation of lower 16=a tartaric IX,

‘Elution temperatures listed in Table 1.

Figure 4. Typical gas chromatogram of ether extracted Turkish #obacco acids. Peak identifica-
tions: | = formic 32X, 2==acetic 16X, 3 = isobutyric 4X, 4= butyric 4X, 5 = isovaleric 16X,
6=valeric 4X; 7= ethylbutyric 1X,8 ——‘,3 me’rhylvalerlc 32X, 9= caproic |X, 10 = hepfanoic
IX, 11 = malonic IX, 12 = octanoic IX, I3 = succinic IX; [4=fumaric IX, 15 = malic 1X,
17 =cinnamic X, 18 = linoleic I:X 19 =citric_IX,, 20=palmitic: IX



Water
extracted

_ flue-cured
Acids

‘Table 2. Tobacco. leaf acids identified from chromatograms of
their trimethylsilyl esters®®

acids from

tobacco leaf®

Water Ether
extracted extracted
acids from acids from
Turkish " Turkish

tobacco leaf  tobacco leaf

Formic
Acetic
Isobutyric
Butyric
Isovaleric
Valeric
B-Methylvaleric
Ethylbutyric
Caproic
Oxalic
Heptanoic
Malonie
Octanoic
Suceinic
Fumaric
Mali¢
Tartaric
Cinnamice
Citric
Palmitic
Linoleict
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tographic run.

analysis of the collected peaks.

refererice 22.
.- Previously unreported.
v _f Not positively identified.

" a About 50 mg of the acid mixture was -silylated with 0.4 cc. Tri-Sil Reagent for each chroma:

b Data were taken from sets of chromatograms of the trimethylsilyl derivatives of the actds;
identifications. were confirmed by co:chromatography with known aC@zjs,

¢ C1-C6 acids were present in 4-8 times the quantity of the other acids. )
4 Turkish tobacco acids have markedly prominent gquantities of B-methylvaleric acid; see

I e ol i S o Tl S o B e o
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and infrared spectral

aromatic acids can be minimized by
the simultaneous.analysis of all the
acids. »

‘At present, we are applying this
procedure to the analysis of acid
fractions from the pyrolysis of to-
bacco leaf acids at different tempera-
tures as well as to analysis of pyrol-
ysis products of various acid mix-
tures.

Summary

Acids, extracted from tobacco leaf
by conventional means, were con-
verted to their trimethylsilyl esters
prior ‘to analysis by gas chroma=
tography. Volatile acids, including
formic and -acetic, certain Krebs
cycle acids, aromatic and fatty acids
were all amenable to.detection in 'a
single chromatqgraphic analysis. The,

method, “essentially qualitative, can’

be ‘used to rapidly screen mixtures
of tobacco leaf acids for purposes.of
comparison. Use of the method Fe-
sulted in ‘the identification of cin-
pamic ‘acid in tobacco leaf for the
first time. '
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